In smart grid (SG), internet of things (IoT) has drawn much attention around the years due to increased volume of traffic. Various types of electrical devices in SG demand a differentiated quality of service (QoS). However, the spectrum resource for SG wireless communication is quite limited. The network performance and spectrum utilization in a SG-IoT network can be greatly enhanced by adopting wireless mesh networks (WMNs) with multi-radio multi-channel (MRMC) and partially overlapping channels (POCs). In this paper, a game-based efficient POCs assignment algorithm is proposed to satisfy the diverse QoS and improve the spectrum utilization efficiency. The utility function in the proposed game model is taken both of the differentiated QoS and interference into consideration to optimize the network capacity. Then Nash Equilibrium (NE) of the game model is analyzed, and a variable learning step algorithm (VLSCA) is designed to improve its convergence speed. In the simulations, seven SG application services divided into four priority levels are considered to compare with the other two typical channel assignment algorithms. The results show that our algorithm has better performance to ensure a higher priority level traffic with lower end-to-end delays and packet loss ratios.
I. INTRODUCTION
In smart grid (SG) internet of things (IoT) networks, intelligent electronic devices (IEDs) are not only to collect the data from different sensors, but they also need to transmit it to the control center efficiently [1] - [3] . As more IEDs are used in SG-IoT with accurate measurement and control capabilities, the deployed communication network is critical to meet with the differentiated quality of service (QoS) requirements [4] - [6] . A wireless mesh networks (WMN) can provide flexible and reliable infrastructure for SG-IoT by applying MRMC technology in the IEDs severed as network nodes to connect with the control center [7] to improve the network capacity. However, using multi-radio multi-channel (MRMC) can introduce more interference into the network. Thus, an appropriate channel assignment method is extremely important in planning a MRMC WMN [8] , [9] because limited channel resource is shared with all the IEDs which are equipped with more than one
The associate editor coordinating the review of this manuscript and approving it for publication was Jun Wu . radio interfaces [10] to bring severe interference in nearby channels. To maximize the spectrum resource utilization and enhance network performance, partially overlapping channels (POCs) are assigned to the MRMC WMN in the smart grid IoT in this work. The smart grid MRMC WMN should support not only the legacy applications such as supervisory control and data acquisition (SCADA) and teleprotection, but also some new applications such as advanced metering infrastructure (AMI), synchrophasors, distribution automation (DA), automated demand response (DR), electric vehicles, and microgrid management [11] . The services supported by the IEDs are different with stringent QoS requirements such as DR and DA. Thus, the QoS of different traffic is fully considered and a media access control (MAC) layer of enhanced distributed channel access (EDCA) is employed in this work. The main contributions of this paper are summarized as follows: network with partially overlapping channels and takes into account differentiated QoS requirements.
• The game model is built to solve the POC assignment problem for differentiated QoS requirements in smart grid. A series of factors affecting the capacity of NAN such as data rate, traffic priority, node level and interchannel interference is covered by the utility function in the proposed model to achieve Nash Equilibrium (NE).
• A variable learning step algorithm is adopted to satisfy the delay requirement in smart grid. The proposed algorithm can adjust the probability of each strategy according to the node utility to improve the game convergence speed. In the simulation, we take four typical service applications, e.g. periodic, on-demand services and constant data flow into account, and compare our proposed algorithm with other two typical MRMC channel assignment algorithms to demonstrate its superiority. The remainder of this paper is organized as follows. Section II reviews the state-of-art work. Section III illustrates the network and interference model. Section IV investigates the capacity optimization game model in which the data rate, traffic priority, node level and inter-channel interference are considered in the network utility function. The NE of the game model is also proven in this section. The probability learning algorithm is analyzed in Section V. And simulation results of different smart gird services are presented in Section VI. Finally, Section VII provides the conclusions of this paper.
II. RELATED WORKS
So far, several approaches have been proposed for the application of WMN in smart grid communications. In [12] , an architecture which offers an easy-to-deploy self-organizing multi-hop WMN with a cellular structure is proposed, and a prioritized data transfer using a position-based QoS aware routing protocol is designed to satisfy the proposed network architecture. In [13] , a WMN model based on the real-world application scenarios in smart grid was presented, especially for the time critical communications such as power system protections and DR in NAN. It also provided example solutions for WMN to transmit time critical messages. In [14] , a self-sustaining WMN of NAN combined WiFi and WiMAX technologies was designed and some major factors such as the number of gateways, the fairness of customers and power efficiency were optimized. In [15] and [16] , IEEE 802.11s was applied by deployment WMN as high-speed wireless backbone networks for smart grid infrastructure to provide high scalability and flexibility. In [15] , a new routing method called hybrid wireless mesh protocol (HWMP) reliability enhancement was proposed to improve the routing reliability of 802.11s based smart grid mesh networks. In [16] , two novel mechanisms to customize the certificate revocation lists for smart grid AMI networks based on the groups of smart meters were designed. In [17] , an analytic formulation based on Markov-modulated modeling of the system was derived to reduce the delay in a mesh based AMI. However, in all the aforementioned work, the IEDs equipped with multi-radio interfaces have not taken into account in order to improve the whole network throughput.
To meet with different communication requirements among the IEDs, the network needs to provide necessary QoS support when delivering all kinds of data. In [18] , a WMN multi-gate and single-class back-pressure based scheduling algorithm was proposed by considering both of the hop-count and queue length at each mesh node. In [19] , a priority-based traffic scheduling approach for cognitive radio communication infrastructure based smart grid system with various traffic types were proposed. In [20] , an issue of providing QoS in terms of packet delay, packet error probability, and outage probability to a large number of sensors and smart meters in a NAN of a densely populated urban area was studied, and an analytical model to quantify the QoS metrics was developed, which can determine the minimum concentrator density required in achieving the QoS requirements. In [21] , an interference aware QoS routing protocol for MRMC WMN was proposed, in which the inter-and intra-flow interference and the priorities of different traffic flows were combined by the route metric. In [22] , a QoS differentiation policy with diverse priorities was derived, in which the IEDs were divided into different classes based on their roles, and the scheduler allocated the channels to different IEDs according to their current priorities to minimize the long-term transmission delay. However, all these algorithms are not able to match the network model features in this paper.
MRMC technology can essentially improve the capacity of wireless mesh network in which a node can communicate with more neighbor nodes simultaneously [4] . However, the traditional non-overlapping channel allocation scheme in 802.11 not only brings severe inter-and co-channel interference into a MRMC WMN, but also wastes the limited spectrum resources (only 3 orthogonal channels in all the 11 channels). Thus, more attention has been paid in investigation of POC to increase spectrum utilization and improve network performance [23] . In [24] , a novel interference model by taking into account both channel separation and physical distance separation of the two nodes employing adjacent channels was derived, which shows that the adjacent channels are orthogonal if they are sufficiently physically separated. In [25] , a traffic-irrelevant channel assignment algorithm was developed to assign the channels for all network links while minimizing total network interference by utilizing POCs to improve network capacity. In [26] , a density of access points and POC assignment (DAPA) was proposed, in which the lower and upper bounds of the optimal density of access points in the feasible region was derived. A logical linkbased partially overlapping channels interference model and game model were formulated in [27] to decrease the interchannel interference. In [28] , a distributed anti-coordination game based POC assignment algorithm (AC-POCA) was proposed, in which the nodes use only local information to play the game. However, all the algorithms aforementioned have not considered the IoT applications in smart grid with differentiated QoS.
In summary, there lacks an efficient channel assignment approach to address the differentiated QoS and inter-channel interference in a MRMC WMN in smart grid IoT. Motivated by this, a game theory based POC assignment for smart grid IoT is proposed, in which the differentiated QoS and inter-channel interference is taken into account in this work. To make sure that the channel assignment is not trapped in the suboptimal solution, a variable probability learning algorithm is adopted, the algorithm details are given in the following sections.
III. SYSTEM MODEL A. NETWORK MODEL
In SG communication network, a WMN is generally served as an access network that links to a wired core network. A transformer substation can be connected to optical fiber core network, it not only offers the power supply, but also serves as the information gateway of all the IEDs in SG. The system model in this paper is illustrated in Fig. 1 which depicts a smart grid WMN built by the primary and secondary communication links. The primary links are the links between feeder terminal units (FTU), and the secondary links are facilitated by the links between the IEDs such as the remote terminal unit (RTU), transformer terminal unit (TTU), and smart meter and video camera etc. All the FTUs are assumed to hang on the power poles to enlarge communication range. In this paper, we assume that the FTU communication range is twice of the IED node. All the FTU links constitute the primary layer which is the backbone network of the WMN. In this paper, we are mainly focus on analyzing communication performance of the IEDs. Thus, various IEDs aforementioned can be regarded as the communication nodes to serve traffic flows with differentiated QoS in the network.
In the remainder of this paper, we recall the FTUs as primary nodes and refer any other IEDs as secondary nodes, and the definitions of the applied parameters and functions in this paper are listed in Table 1 . In order to improve the network capacity, both primary and secondary nodes are equipped with multiple radio interfaces with 802.11 standard and all the links share its 11 overlapping channels. However, using overlapping channels in an arbitrary fashion will lead to a severe inter-channel interference and network congestion. To alleviate this issue and improve the aggregate network throughput, the target of this work is to deploy the POCs and the interference model as proposed in the next section. In the MAC layer, an enhanced distributed channel access (EDCA) protocol is also adopted in this paper which is developed in 802.11e to provide QoS support for WMNs.
B. INTERFERENCE MODEL
As shown in Fig. 1 , all the network nodes are equipped with multi-radio interfaces enabling to communicate with several neighbor nodes simultaneously. Define N , E and C as the sets of nodes, links and all the available channels, respectively. The distance between node a and b is denoted as d ab . Let τ ∈ {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10} represent the channel separation in IEEE 802.11 standard. For different channel separations, we define R(τ ) to denote the interference range, it decreases with large of τ in channel separation. When τ = 0, R(τ ) = R(0), denotes the non-overlapping channel interference range which is usually considered as 2 to 3 times of its communication range in traditional protocol model [22] . Only when the distance of any two nodes is larger than their interference range or their channel separation is bigger than 5, the two nodes can be regarded as interference free [23] , [35] . In other words, for two nodes a, b ∈ N , if τ < 5 and d ab ≤ R(τ ), the inter-channel interference is existed between a and b.
In the MRMC WMN, interference can be divided into three categories, namely co-channel, inter-channel and self-interference [29] - [31] . The co-channel and selfinterference can be easily addressed by an appropriate channel assignment. The background noise is generally much smaller than the inter-channel interference in the multi-radio multi-channel system [26] , [34] , so it will be ignored in this work. Therefore, inter-channel is the key interference to be addressed in the interference model. Herein, we take the inverse signal to interference and noise ratio (ISINR) to calculate the inter-channel interference I a which is divided into two parts, i.e. I a1 for the node a acts as a receiver and I a2 for the node a acts as a sender. Specifically, I a1 is the interference from the neighbor nodes when node a acts as a receiver, which is expressed as
where P j and P i represent the transmission power of node i, j ∈ N , G ja , G ia denote the gain of e ja , e ia ∈ C respectively. Thus the received power of node a from b can be expressed as P b G ba . F a is the set of nodes which communicates with node a, and N F a means the complement of set F a in set N . a n and i n represent a specific channel strategy of node a and i where a n , i n ∈ C. φ(τ ) denotes the channel overlapping factor of channels i n and a n , which can be calculated by
where S t (f ) denotes the transmit power distribution, S r (f ) is the bandpass filter frequency response [23] . When the network uses IEEE 802.11 signal transmission model and assume that the roll-off factor α = 1 at the receiver filter, then φ(τ ) values are available in Table 2 [27] . When node a acts as a sender, we denote its interference as I (a2) . This kind of interference will not affect the performance of node a directly, but it will affect the whole network utility and the channel selection of node a. I (a2) can be calculated by
where the molecular denotes the power of useful signal received by its neighbor nodes. The denominator represents the interference between node a and its neighbor nodes when it chooses channel a n . Thus, the interference of node a can be expressed as:
IV. GAME MODEL AND NASH EQUILIBRIUM ANAYLSIS A. PROBLEM FORMULATION AND GAME MODEL
In a wireless mesh network, the channel selections are selfdetermined by the nodes. This motivates us to formulate the channel assignment issue as a game. Each node in the network is considered as a player in the game that means the game is composed of a finite set of players denoted by N . All the players have a common strategy space C which is all the 11 available channels in 802.11 standard. Formally, the strategy set of play a can be denoted as C a = {a 1 , a 2 , . . . , a n } where C a is a subset of C.
In order to optimize the network capacity with differentiated QoS, a joint metric Q is defined to be relevant to the network topology, node level, data priority, and traffic QoS in the game model. The metric of node a is defined as
where K a is the traffic level of a service, ν a is the node data rate, w is the node level to differentiate the primary and the secondary nodes as shown in the network model. α is a factor to regulate the weight of w in different network topology, and h is the hop count from node a to the gateway. The channel selection game is defined by G := (N , C, µ a ), where N is the set of player(node), C is the set of strategy(channel), µ a represents the utility of node a ∈ N . The utility of node a is defined as µ a (a n , a −n ) = −I a (a n , a −n )Q a
where a −n is a set of channel selection profile of all the players excluding node a, and I a (a n , a −n ) represents interference of node a when it selects channel a n . Q a is independent of the channel strategy of node a, thus it can be regarded as a constant when changing of a n . The game G can be expressed as (G) : maxµ a (a n , a −n ), ∀a ∈ N
To ensure that the decision of each node is not too selfish and guarantee the game has a NE, the network utility U is defined as the sum utility of all the nodes, which is calculated by
By (8), we can find that the absolute value of U decreases with the increase of network interference. Thus, we take the negative value of U as our network utility function. The goal of this game is to find the channel allocation strategy to optimize the network capacity by considering both the interchannel interference and QoS to be expressed as
B. NASH EQUILIBRIUM ANAYLSIS Nash Equilibrium (NE) is an important concept in game theory. The players will meet an agreement only if NE of the game exists. According to the definition of NE, a channel assignment strategy is a pure NE strategy a * n if no player can improve its utility function by deviating unilaterally, i.e., µ(a * n , a * −n ) ≥ µ(a n , a * −n ), ∀a ∈ N , a n ∈ C (10) (10) guarantees an agreement of negotiations among all players, in which the NE is either local or global maximizers of the utility function [25] . Furthermore, a specific type of game called potential game is used in this paper, and each finite potential game possesses at least one pure strategy NE, the game can be considered as an exact potential game (EPG) only if the potential function of a game (M , A i , µ i ) satisfies (11) where M and A i represent the set of players and strategies,respectively. µ i denotes the utility of player i.
In the following, we will prove that the game model proposed is an EPG with at least one pure strategy NE, that means the channel selection strategy can globally maximize the network utility. Define as the potential function which is the same as the network utility U . By decomposing , we can obtain the following equation.
(a n , a −n )
It's seen from (12) that the potential function is composed of three items, the first and the second items represent the interference of node a multiply by its metric Q as node a acts as a receiver and a sender, respectively. These two items are the utility of player a when it takes the strategy of channel a n ∈ C. The last item is an irrelevant item which is independent of node a's strategy a n . Let (−a n ) denote the irrelevant item and (12) can be rewritten as (a n , a −n ) = − k∈ N F a P k G ka φ(k n , a n )Q a j∈F a P j G ja − i∈N ,i =a P a G ai φ(a n , i n )Q i j∈F i P j G ji + (−a n ) (13) With (13) at hand, we can verify equation (11) by (14) . After canceling all the polynomials that are independent of the strategy a n ∈ C, it can be easily obtained that the difference of network utility is equal to the difference of node utility. According to the definition of EPG given previously, the game G proposed in this paper is proven to be an EPG with the potential function , which means the global or local maximum of the potential function constitutes a pure-strategy NE point of our proposed game.
(a n , a −n ) − (a n , a −n )
= µ(a n , a −n ) − µ(a n , a −n ) (14)
V. VARIABLE LEARNING STEP CHANNEL ASSIGNMENT ALGORITHM
In the last section, by utilizing NE and potential game, it is guaranteed that our proposed game can converge to an agreement among players, and the corresponding strategy will be a utility function maximizer. In this section, we aim at finding this strategy to maximize the utility function. There are two famous learning schemes which can achieve this purpose, namely best response and better response techniques as shown in (15) and (16), respectively. a t+1 n = argmax (a n ) (15) a t+1 n = a n , if µ e (a n , C −e ) > µ e (a n , a −n ) a t n , otherwise
For the best response technique, before selecting the strategy, the player needs to traverse all the strategy space, and then chooses the strategy which provides the maximization of network utility. This algorithm performs the minimal iteration. However, it needs a powerful central node to calculate all the strategies. On the other hand, the better response technique is a kind of distributed algorithm, which is more flexible than the best response one. However, it takes a long convergence time and is easily to fall into the local optimization. To make a trade-off between computational complexity and convergence speed, a variable probability response Algorithm 1 Variable Learning Step Channel Selection Algorithm (VLSCA) 1: Loop for every a ∈ N , a n ∈ C; 2: Initialize: a n = a random , p a n = 1 s , 3: while t > 0 do 4: select a n for player a, according p t a n , 5: calculate µ a (a n , a −n ), µ a (a n , a −n ), S(a n , a n ) 6: if µ a (a n , a −n ) > µ a (a n , a −n ) then 7: p t+1 a n = p t a n + S(a n , a n ), 8: p t+1 a n = p t a n − S(a n , a n ), 9: else 10: p t+1 a n = p t a n + S(a n , a n ); 11: p t+1 a n = p t a n − S(a n , a n ), 12: a n ← a n , µ a (a n , a −n ) ← µ a (a n , a −n ); 13: end if 14: if p t+1 a n = 1 then 15: break. 16: end if 17: end while algorithm is proposed in this section, which can get rid of the suboptimal trap and has a better convergence speed than the better response technique. Details of implementing the algorithm are as follows S(a n , a n ) = e µ a (a n ,a −n )/γ − e µ a (a n ,a −n )/γ e µ a (a n ,a −n )/γ (17) where s is the number of all the available channels which is usually equal to 11 in 802.11 standard, and p a n = 1 s represents the initialization probability value of each channels in the strategy space. p t a n and p t+1 a n denote the probability of that a node selects the strategy a n in the current time and next time respectively. In order to improve convergence speed of the game a variable learning step metric S is defined as follow:
where γ is a regulation factor. This metric binds the relationship between the node utility and learning step of the game. Through this metric a strategy with bigger node utility will get a bigger probability which can improve the convergence speed of game.
Specifically, at the beginning, all the links choose a random channel from its strategy space which consists of all the available channels. Each channel is a strategy in the strategy space and its probability is initialized as p a n = 1 s . Then, each link chooses a new strategy (channel) according to each channel's probability, and the utility of this link is calculated by (6) . If the new strategy provides a larger utility, the link channel and utility is updated according to step 12. And the probabilities of the current and previous strategies are updated as shown in steps 10 and 11, respectively. If the new strategy has a smaller link utility, the link will not update its strategy and the probabilities of the current and previous strategies are updated as steps 7 and 8, which means that the channel with a larger link utility is assigned with a higher probability. After a few iterations the probability of each channel in the strategy space is different, which can be seen from the simulation result. With this mechanism, the link utility increases rapidly and the algorithm converges faster. The loop will continue until the channel selection probability equal to 1.
Remark: In this algorithm, each node maintains a two hops state list including its position, number of interfaces, the occupied channel of itself and its neighbor nodes. A node will broadcast this list periodically through the ''Hello'' message, the link interference can be calculated through the two hops state list. Then the optimal channel selection can be calculated by our proposed variable learning step channel selection algorithm (VLSCA). It is worth noting that the co-channel interference range is set as twice of the communication range, so the interference of a node outside the two hops range can be ignored.
VI. SIMULATION RESULTS AND ANALYSIS
In the simulation, the NAN applications are configured and differentiated according to [10] and smart grid (SG) network system requirements specification [36] . The applications are divided into four different kinds according to their transmission interval. To meet the high reliability requirement of the AMI and power quality data to stabilize the whole SG, we set the priorities as 4. The priority of video surveillance data is lower than the SCADA and protection data even with a strict delay requirement. Table 3 gives the detail parameters of different services. The requested AMI and power quality data are transported using the TCP protocol, and the other applications are transported using the UDP [37] .
In the network configuration, nine primary nodes (PN) are uniformly distributed in a square of 2000m × 2000m, and all the secondary nodes (SN) are randomly located at the network. It is assumed that the transmission and co-channel interference distances of secondary nodes are 250m and 500m respectively. Each node in the network is equipped with 3 radio interfaces working on 802.11a standard at 2.4GHz, and the channel number is set as 11. The interference ranges of different channel separations are given by R(1) = 168.75 m, R(2) = 112.5 m, R(3) = 56.25 m, R(4) = 18.75 m as defined in [26] . The number of different kinds of services is configured as a ratio of 3:3:3:1, and the value of is set as 3 [32] - [34] . The number of secondary nodes is set to 30 in the simulations of Figs. 2 and 3 , and it increases from 10 to 60 in the simulations of Figs. 4 and 5, respectively. All the simulations are performed by network simulator 2 (NS2), and the main simulation parameters are summarized in Table 4 . Fig. 2 compares the network utility and convergence speed of the proposed variable learning step channel assignment algorithm (VLSCA) and the better response (BR) algorithm. The simulation is repeated in the same scenario four times to observe the convergence behavior and network utility of the two algorithms. As every link selects the channel in an arbitrary way at the beginning, we can get different initial network VOLUME 7, 2019 utility every time. It can be seen that the network utility of VLSCA is always larger than BR. The minimum value of VLSCA and the maximum value of BR are around −175 and −225, respectively. Although the convergence speeds of the two algorithms are similar in around 330 iterations, the network utility of VLSCA is much higher than that of BR. Fig. 3 shows the convergence behavior of an arbitrarily node in the network with 11 different channels. At the beginning, each channel has the same probability to be selected and the player chooses one of them randomly. As the algorithm iterates, their channel selection probabilities evolve with the utility of the node shown in (17) and all of the strategies finally converge to a pure channel selection strategy. It's seen that the probabilities of channel 3 and 8 increase rapidly within the first 100 iterations. Around 200 iterations, the selection probability of channels 4 is getting popular and the its probability is even higher than channel 3. However, the proposed algorithm does not fall into the suboptimal strategies and eventually channel 3 gets to the top, and the game reaches to the global optimization. It means the VLSCA not only catches a fast convergence, but has the ability to get rid of the local optimization and maximize the whole network utility. Fig. 4 shows the mean end-to-end delays for VLSCA, BR and CoCAG in [27] with different numbers of secondary nodes in the network. Fig. 4(a) gives the delay of AC4 traffic flow with the highest priority level. As the number of nodes increases, the delays of AC4 in our proposed algorithm remain unchanged around 75ms, while the delays of the other two algorithms increase rapidly. For the traffic in priory level AC3, it's behaviors in different algorithms are similar as that of AC4 as shown in Fig. 4(b) . Figs. 4(c) and (d) show the mean end-to-end delays for the traffic levels AC2 and AC1, respectively. In Fig. 4(c) , it's seen that the delays of AC2 increases rapidly with the VLSCA, almost catching up with the delays when taking the CoCAG. In Fig. 4(d) , it's seen that the delays of AC1 (lowest traffic priority level) with the VSLCA increase faster than any other two algorithms. Although the delays of AC1 are almost the same as any other traffic flow levels when using the BR and CoCAG, the delays with the VLSCA are much larger than CoCAG. In summary, with our proposed algorithm VSLCA, the delays of different traffic priority levels are distinct, which ensures that the QoS of high priority traffic levels has a lower and more stable endto-end delays.
The comparisons of mean packet delivery ratios with the VLSCA, CoCAG and BR are shown in Fig. 5 . Although the packet delivery ratios of all the algorithms in the simulations decrease when increasing the node density, the performance of AC4 and AC3 with the VLSCA is much better than that of using the other algorithms shown in Figs. 5(a) and (b)., respectively. Fig. 5(c) shows the packet delivery ratio of AC2. It's seen that the packet delivery ratio with the VLSCA is much bigger than that in AC2 and AC1, which is around 85% when the number of secondary nodes is 60. From Fig. 5(d) , it's seen that the packet delays with the VLSCA increases rapidly, even worse than that of using CoCAG. This is due to the priority of AC1 is the lowest in all the traffic flows. When the network becomes congested, the packet of AC1 in the MAC queue will be dropped first to ensure the QoS of the traffic with higher priority.
VII. CONCLUSION
In this paper, a network model is built based on MR-MC WMN with POCs in SG communications. Meanwhile, a game model for POCs assignment is constructed by considering both of the QoS requirements and inter-channel interference. To get the optimal game strategy, a variable learning step channel assignment algorithm (VLSCA) is proposed, in which each node can select the channel strategy according to the channel probability determined by the node utility. In simulations, seven typical applications in smart grid are divided into four priorities. The results show that with the same number of network nodes, the VLSCA can yield higher network utility than the other algorithms. Moreover, for AC4 and AC3 high priority traffic, the node density has little effect on the delay and packet delivery ratio. However, for lower priority the traffic such as AC2 and AC1, the network performance deteriorates rapidly when increasing the number of nodes. The results indicate that our proposed algorithm can ensure differentiated QoS requirement, especially for the traffic flows with higher priorities in a congestion smart grid network.
